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X-ray diffraction measurement of doping induced lattice mismatch
in n -type 4H-SiC epilayers grown on p -type substrates
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High-resolution x-ray diffractometry was used to measure the lattice mismatch and misorientation
in n-type 4H-SiC epilayers grown homoepitaxially onp-type 4H-SiC as function of different
nitrogen doping levels. The spatially averaged lattice mismatch increased from 1.031025 to 4.0
31025, 6.331025, 8.831025, and 11.631025 in epilayers doped 4.131017 cm23, 2.6
31018 cm23, 1.731019 cm23, 2.231019, and 431019, respectively. The resolved multiple
subsidiary peaks in the rocking curve of the epilayers doped 2.231019 and 431019 cm23 are likely
due to high density of domain boundaries. The increase in mismatch with doping, is attributed to the
substitutional nitrogen incorporated preferentially in the host carbon sites of the 4H-SiC epilayer.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1606497#
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High-resolution x-ray diffraction~HRXRD! and recipro-
cal space mapping~RSM! were utilized to investigate the
presence of lattice mismatch and misorientation in five 4
SiC epilayers having different nitrogen doping concentrati
The n-type epilayers were 2mm thick, with nitrogen doping
concentrations~as verified by secondary ion microscopy! of
4.131017 ~71A8!, 2.631018 ~66A!, 1.731019 ~12B!, 2.2
31019 ~75B!, and 431019 cm23 ~79B!, grown homoepi-
taxially on the Si face of aluminum-doped,p-type substrates
with resistivities of 10.8, 9.49, 4.1, 4.2, 9.9V cm, respec-
tively, and tilted at approximately 8° off the~0001! basal
plane. All the substrates and epilayers were produced
Cree, Inc.1 and the samples used were sawed into 5 m
squares.

The analysis was mainly carried out on a Bede D2

triple-axis diffractometer equipped with a four-reflectio
asymmetric channel-cut beam conditioner selecting
CuKa1 line only and a two-reflection asymmetric analyz
~Si 220 reflection!. Depth resolved analyses by means
asymmetric reflections were also performed in a triple-a
diffractometer equipped with a Ge-channel cut beam con
tioner and a Ge~111! analyzer. In addition to the commo
0004 reflection, a total of three asymmetric reflections, 011̄6,
01̄17, and 01̄19 were initially used to investigate depth d
pendent variations of the epilayers.

For all the samples~except 71A8 with lowest epilayer
doping!, two well-shaped peaks are generally present in
double-axis rocking curves~RCs! ~see insets of Fig. 1!. A
natural assumption here is that the separation of the
peaks would be solely caused by the lattice mismatch
tween the epilayer and substrate, derived from3

Dd/d052Dv cotuB , ~1!

where Dd is the change in lattice constant, andd0 is the

a!Electronic mail: robert.s.okojie@nasa.gov
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reference lattice constant~0.252 nm for 0004 reflection!4 of
4H-SiC. However, Eq.~1! is valid only when there is negli-
gible misorientation between the~0001! lattice planes of the
epilayer and substrate. A remarkable feature of the meas
highly doped 4H-SiC epilayers is that they are genera
tilted against the substrate by small tilt angles. Such mis
entations can also cause peak splitting. By rotating the c
tal by 180° along the crystal surface normal to measure
other RC, one can exclude the contribution from lattice t
in cases of low tilt angles.3 However, this diffraction scheme
has several drawbacks, such as the difficutly in determin
the peak positions when the peaks are wide and heavily o
lapped. Therefore, a more precise and delicate RSM me
for measuring the lattice mismatch and misorientation sim
taneously was employed.

Subsequent HRXRD analyses on the samples were
stricted to 0004 reflections to record a set of double-axis R
and triple-axis RSMs per sample. Figures 1~a!–1~d! are the
RSMs measured from samples 66A, 12AB, 75B, and 7
respectively. The corresponding RCs~measured without the
analyzer! are plotted in the insets. The full width at ha
maximum ~FWHM! value of each diffraction peak is typi
cally in the range 20–30 arc sec with an open incident be
~about 1 mm35 mm!, indicating high crystalline quality of
the substrates and epilayers.

The RSMs in Fig. 1 can be understood from the sc
matic diagram of Fig. 2. A reciprocal lattice vector~RLV!,
h0 , is defined as a vector that is perpendicular to the diffra
ing planes@here substrate~0004! planes# with magnitude
uh0u51/d0 , whered0 is the spacing of the diffraction planes
If an epilayer with spacingd is tilted against the substrate b
a small angleDu @Fig. 2~a!#, the corresponding RLV,h,
which is perpendicular to the diffracting planes of the ep
ayer, is apparently inclined againsth0 by Du with uhu51/d.
In reciprocal space, the difference between the two RLVs
then represented byDQz5cosDu/d21/d0'2Dd/d0

2 and
1 © 2003 American Institute of Physics
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FIG. 1. HRXRD RSMs of samples~a! 66A, ~b! 12B, ~c! 75B, and~d! 79B. 0004 reflection, CuKa1 radiation. Insets show the corresponding double-axis R
The upper-left inset of~a! is the double-axis RC of sample 71A.
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DQx5sinDu/d'Du/d0 along the perpendicular and parall
directions with respect to the diffracting planes of the su
strate, respectively@Fig. 2~b!#. Here the approximations ar
well justified whenDu andDd5d2d0 are both very small.
From theDQz andDQx values measured from the RSM, on
can consequently derive the lattice mismatch and lattice m
orientation, respectively, as

Dd/d052DQzd0 ,
~2!

Du5DQxd0 .

For 4H-SiC 0004 reflection,d05c/4, wherec51.008 nm is
the lattice unit constant of the substrate along@0001#.4 Based
on the above principle, theDd/d0 values are 4.0, 6.3, 8.8

FIG. 2. Schematic representation of the epilayer tilted against the subs
~a! Real space.~b! Reciprocal space.
-
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and 11.631025 for Figs. 1~a!, 1~b!, 1~c!, and 1~d!, respec-
tively. Meanwhile, the four correspondingDu values are
54.6, 46.8, 36.4, and 47.8 arc sec. Comparing the lattice
angles with the peak separations in the RCs of Fig. 1,
can see that the peak splitting is mainly caused by the lat
tilt.

Figure 3 is a SWBXT backreflection image of samp
75B (2.231019 cm23), where the misorientation of the ep
ilayer causes its image to shift along the horizontal@112̄0#
direction ~perpendicular to the projection of the diffractio
vectorg on the topograph!. Due to the image shift, the topo
graph is slightly blurred, but apparently the sample is ove
of high crystalline quality, containing no obvious subgra
boundaries in the central region. This directly confirms th
the double peaks in the RCs and RSMs are not caused
defects in the substrates, but by the slight differences in
tice constant and orientation between the epilayers and
strates.

As shown in the upper-left inset of Fig. 1~a!, the RC
measurement shows that the lowest doped sample 71A8 has
no noticeable peak splitting. The FWHM of the 0004 RC
approximately 21 arc sec, and the intensity profile is reas
ably invariant to the rotation around the surface normal a
also invariant to the translation of the sample, which impl
high crystalline quality of the epilayer across the sample. T
change in lattice parameter and orientation of the sample
any, is therefore not resolvable by these measurements. H
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ever, for other samples with higher dopant concentratio
clear peak splitting with at least two local maxima are
ways observed. The RCs of the heaviest doped samples
and 79B ~2.2 and 431019 cm23) in some areas of the
samples contains more than two maxima, which could no
conclusively associated with mismatch or misorientation
some regions. A comparison of this measurement with
cently published results of rocking curve measurements
4H-SiC epilayers suggests the presence of high densit

FIG. 4. A well-shaped double-peak RSM taken from a 4H-SiC subst
without an epilayer. The peak splitting is caused by small-angle grains in
crystal. Note that thed-spacing values of the two diffraction spots are t
same. Inset is the corresponding double-axis RC with the FWHM value
the two peaks indicated.

FIG. 3. SWBXT back reflection image of sample 75B (Nd52.2
31019 cm23) showing the image shift along the horizontal@112̄0# direc-
tion ~perpendicular to the projection of the diffraction vectorg on the topo-
graph! of the epilayer caused by the misorientations. Field width 0.5 m
001̄6 reflection~and harmonics!. M : micropipes.A: Arrow inscribed at the
backside indicating the@112̄0# orientation.
s,
-
5B

e
n
-
n
of

domain boundaries in the two highly doped epilay
samples.5–7 With regard to the observed large tilt of samp
66A @Fig. 1~b!#, the corresponding SWBXT backreflectio
did not reveal any misfit dislocations that may be associa
with relaxation due to tilt. Further, cross-section transmiss
electron microcopy did not show any misfit dislocation
Thus, if dislocations do exist, they must be in low density.
misorientation is in the substrate, it is usually caused
small-angle grains~or domains!. Indeed, RCs of single crys
tal SiC frequently show multiple peaks. However, sma
angle grains~as well as screw dislocations and micropipe!
are related to lattice tilts~rotations! with no noticeable
d-spacing change. Therefore, multiple diffraction spots a
ing from misorientations in the substrate should be exa
on a horizontal line, as shown in the RSM of Fig. 4, which
taken from a bare substrate. Therefore, we conclude tha
tilt in the epilayer is likely due to the epilayer growth con
dition and not due to large tilts in the substrate.

As can be seen from Fig. 5, the magnitude of the m
orientation between the epilayer and substrate has no o
ous trend with respect to the doping level. However, deta
RSM measurements show that the lattice mismatchDd/d
increases monotonically with increasing nitrogen dop
concentration.

In summary, measurements reported in this work ha
determined that in single crystal 4H-SiC, increasing the
trogen doping level above 431017 cm23 results in corre-
sponding increase in lattice contraction. Also, significant l
tice tilts exist, as revealed by the multiple subsidiary peak
the HRXRD reflections, in epilayers doped greater than
31019 cm23.
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FIG. 5. Plot of spatially averaged lattice mismatch from the 0004 reflec
in 4H-SiC epilayer as function of nitrogen doping level normalized. The
31017 cm23 data point represents the measurement resolution. The la
misorientations show no obvious dependency on the doping level.
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